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Notation 

path axis, tangent to the path of the C.G. of fch 
ai rplane . 

lift axis, perpendicular to path axis x and in 
symmetrical plane of airplane. 

longitudinal axis of airplane, 
normal axis of airplane, 
lateral axis of airplane. 

All axes pass through the C.G. of the airplane; 
their direction i.s positive in the sense of the 
arrows of Figure 1. 

air speed of C . G . of airplane. 

time rate of change of v. 

gliding anf;le; angle "between path axis x and 
its -projection on the horizontal plane; positive 
when the airplane climes. 

time rate of change of cp ; also rate of turning 
about lateral axis 2, as long as this remains 
horizontal; positive when, viewed in the direc- 
tion of positive z_ axis, it acts clockwise 
around it. 

angle of attack; angle between longitudinal axis 
x and path axis x. 



* ,l 3eitrag zur Entwich'lung eines aut or o tat i on sfrei en stei 

ii 

landbaren Flugz euge s . n Zei<tschrift fur Elugt echnik und 
Motorluf t schiff ahrt , Sept. 28, 1931, pp. 545-9, and Oct. 
14, 1931, pp. 559-578. 
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v (m/ s) 

v (m/ a ; 
cp (o) 
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a 

(l/s) time rate of" Change of a; ' &IWfi rate of turn- 
ing about lateral axis 35; positive when tfiewod 
in the direction of positive z^ axis, acting 

eiockwi sei'v Zxk* : r.O . v*. .;*' 



Q ^ 



Q 



rate • of . turning around' the "respective axis 
(l I ) -< ^ en °ted subscript; positive when clock- 
' ^ ' s ' \ wise, as seen in. positive direction of the 



respective axis, 
Q 2 ( 1 /s 2 ) time rate of change of fi z . 
g(m/s 2 ) acceleration due to gravity. 
Y(kg/m 3 ) specific weight of air. 
q(kg/m s .)-. dynamic pressure •= m v 2 . ■ 
G (kg) airplane weight. 

P (m 2 ) wing area, 
b (m) wing span, 

ti (m) chord at center of wing. 

t a (m) chord at distance a from the symmetrical plane 

of the airplane . . .• . 

a (m) distance of C.C-. belonging to wing element t a 

Act from the symmetr i cal plane. 

J z (mkgs* i ) moment of inertia of airplane aoout lateral 
axis z_. 

?g(m 2 ) area of horizontal tail surfaces. 



area of ailerons. 



lp (m) distance of c.p. of air load, acting on hori- 

zontal tail surfaces, from lateral axis £. 

lq (m) distance of c.p« of air load, acting on aileron, 
from longitudinal, axis x» 

Pg^ 0 ^ elevator- displacement; positive downward. 
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6 H (°) setting of horizontal tail surfaces. • 

|3 n (°) aileron displacement, . 

The subsequent coefficients of the air loads 
and moments have been obtained by dividing the 
- - : . corresponding air loads and moments by qP '(in kg) 
, and <£fft i (in mkg) . 

c a lift; positive in positive direction of lift 

axis y x . 

c w drag; positive in negative direction of path 

axis x. 

c n normal force • • • 1 positive in positive 

y direction of normal 
c n q normal force of aileron ! axis y. 

c± tangential force V positive in negative 

1 direction of longi- 
c tQ tangential force of ( tudinal axis x/ •'• 

aileron J 

c m moment -about leading edge of wing. 

M ■' rtoment of whole airplane 

' about 

li moment of wing alone L normal ' 

• axi s z - a 1 * 

IL- moment of longitudinal tail 

» sv.rf aces J 

K moment • ^ about longi- 

\- tudinal axi s 
x 



K aileron moment 

~3 J 



All moments are positive when opposing a posi- 
tive rotation around the co.vr esponding axis* 



If the angle of attach of an airplane exceeds that 
for maximum lift, it no longer moves safely in the air 
but because of a suitable asymmetrical disturbance, "shows 
a tendency to sideslip s&xd to go intcfe a spin. (Reference 1.) 

This sideslip and entry into a spin is not dangerous 
at greater heights (references 2 and 3), but becomes ex- 
ceedingly so in the vicinity of the ground. (Reference 4 # ) 
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This explains. the persistent efforts which have been made 
for some time to make sideslip difficult. In fact f it 
may "be prevented altogether if care is taken in the wind 
tunnel to prevent autorotation. (Reference 4.) 

Attempts to render autorotation difficult, include: 
The use of so-called "balancing slots on the top side of a 
wing, adjacent to and parallel j " to the leading edge, ex- 
tending only over the wing tips, the corresponding slots 
of the left and right wing tips "being ■ conne ct ed by pipes, 
within the wing. The rate of rotation of such a wing is 
lower than for an identical wing without slots (reference 
5), although autorotation cannot be prevented altogether., 
because the compensating pipes offer resistance to the 
equalization of pressure, which cannot be overcome save 
by a pressure' difference, i.e., an exisitng rotation, un- 
less the resistance of the compensating pipes be elimi- 
nated. 

Equipping an airplane wing with an auxiliary wing as 
wide as the main wing but with only one-third its chord, 
and whi.ch is adjustable around an axis parallel to the 
leading edge of the wing, lowers the autorotation consid- 
erably (reference 5) if the auxiliary wing is given a 
smaller angle of attack than the main wing. I n this case 
the drag pertaining to low lift is comparatively great; 
hence the wing is unsuitable- for ordinary flight. But wit 
the auxi 1 i ary . wing at a greater angle than the main wing, 
the total drag -approximates that for the main wing alone, 
i.e., the wing can be used for ordinary flight also. 

Experiments on a monoplane wing with sweepback have 
shown (reference 7) that the rate of au.t orot ation is re- 
duced by increasing- sweepback, but at the same time it 
lowers the maximum lift. Autorotation did not. cease en- 
tirely below a 30° sweepback. The respective maximum 
lift was relatively low and was comparable to that of a 
conventional .ving with thin symmetrical profile. Such a 
wing is unsuited for steep landing because of the too low 
maximum lift, as we shall show later on. 

If the wing tips are so constructed as to be rotata- 
ble as a whole, around an axis parallel to the lateral 
axis and can always orientate themselves in the direction 
of the air flow, one speaks of "floating" wing tips. If 
such wing tips rotate easily and are thus able to follow 
the least change in wind direction, there is almost com- 
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plete symmetry at the tips . even, during autorotation; hence 
the effect of such • 17 i n g , t ipso n au t orotation is practi- 
cally nil. Quite 'of ten. their ' real' purpose is something 
else; they are rather visualized" as' ailerons, (reference 3) 
which remain effective even at great angles of attack 
(reference " 9) and which are intended, to oppose any devel- 
oped autorotation. (A detailed discussion follows else- 
where.) On the other hand, designing the wing tips so 
that they follow any change in air flow only very gradual- 
ly, may render the entry of autorotation very difficult 
and even. prevent it altogether under certain circumstances 
providing the necessary interference introduced as initial 
rotation is small and lasts only through a short period* 
Of course, it would have to he "borne in mind that at the 
great angles of attack incidental to a steep landing, the 
floating wing tips would accordingly have to he just as 
strongly adjustable if they are to orientate themselves 
in the direction of the air flow. 

It is generally agreed that autorotation depends pri- 
marily on the profile shape of the wing and that its oc- 
currence is precluded when the curve of the normal force 
coefficient' c n pertaining to each wing element parallel 
to the symmetrical plane of the airplane increases contin- 
ually and evenly in dependence of the angle of attack. 
(References 2 and 3.) 'The monoplane wing, to which this 
report is confined, has very appropriate and therefore fre 
quently used thick, well' Cambered profiles, "but shows, un- 
fortunately, a very unfavorable c n curve in this respect 
and is, in consequence, un suited to prevent autorotation. 
Happily, the wing center does not contribute much to auto- 
rotation, so that it is only necessary to see to it that, 
above all, the c n curve for the wing tips increases as 
nearly as possible consistently and uniformly, while the 
center of the wing may, to ensure a high total lift, be 
given a thick, pronounced camber. 

In the following we develop a non-aut or o tating mono- 
plane wing. The conditions imposed on such a wing, aside 
from its freedom from autorotation, with respect to its 
polars and its construction, are taken into account as 
far as possible* 

It is indicated that the autorotation characteristics 
of a wing are dependent upon the speed of air flow (refer- 
ence 10) as well as on the angle of yaw. (Reference 7.) 
At the beginning of sideslip ,' which is almost synonomous 
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with autorotation, and "with which we are concerned here, 
the angle of yaw is small (reference 4), so that it mg,y 
be di sr egar ded Jf or , the present. The change in autorota- 
tion properties induced by a change in wind velocity'is 
likewise of a. finer type and therefore ignored. ' Upon- elim- 
ination of autorotation and, .through it, the danger of 
sideslip, the airplane can be flown at a great angle of '. 
attack by using a special control, and likewise be 'landed 
at a very steep angle, to reduce the landing run, '.. 

.The present investigation postulates the knowledge of 
the behavior of certain conventional wings of different 
chords\and cambers with respect to their air loads at large 
angles of attack. This, in particular ,' applies to the 
curve of the normal force coefficient c n . with respect. to 
the angle of attack, and to which we . subsequently refer, 
briefly as the c n curve. Since the data on this Cq 
curve at angles up to a' = 90° were limited to very feW 
wings, the already available (reference ll,a) data up to 
20° were supplemented by the measurements on a large r num- 
ber of conventional wing sections with Joukowski profile, 
and in particular for four typical wings (fig. 2) .with 
different thi ckne s s /c amber ratio (d/f) to the apprbxi- . 
mately half chord 1 . Thickness and camber are explained 
in reference 11, b. The tests, conducted in the G-ottingen 
wind, tunnel at 31 m/s (101.7 ft./sec.) wind velocity, : 
range over a = 20° to a = 50°.. Since at large angles 
the air loads on conventional wings show no essential dif- 
ference from one another and . measurement s beyond 50° would 
have entailed a rearrangement of the models, we stopped 
at 50° and compared the air loads for angles beyond 50" 
with those of wings already tested. The measurements in- 
cluded lift, drag and moment around the leading edge, as 
shown in Figures 3-6, along with the computed normal force 
coefficient plotted against a. The thinner and flatter 
the profile the better the continual rise of the c n 
curve s . 

Test Wing I v Io 1 

The wing tips in Figure 7 evince, in' order to prevent 
autorotation, an appropriately thin, symmetrical profile 
gradually merging into a thick, heavily cambered high lift 
section toward- the. center of the wing* All profile chords 
are parallel ; 'to one another. Later, I learned that a sim- 
ilar wing, although designed for different purposes, has 
been described elsewhere. (Reference 12.) 
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To evaluate the autorotation characteristics of a wing 
one merely needs to know the moments about the 1 ongi tudi - 
nal axis set up by a rotation around the path axis, which 
is a comparatively easy matter. Through cuts parallel to 
tie symmetrical axis of the airplane the wing is divided, 
into a number of components having a C.G. distance a from 
•the symmetrical plane, a span Aa, and a constant chord 
t a with, in addition, constant profile. The K Q z coef- 
ficient of the moment about the longitudinal axis intro- 
duced by a rotation Q x about the path axis is 



K n a — - S c n J t a a A a | 

-12x vt 1 21 a cos 2 A a a 



a ft x 

with A a ~ arc tan ■——==■ 



i • (i) 
i 

J 



and Cr, as coefficient of the normal force for one con~ 
u a 

ponent. This varies along the wing span and can be de- 
fined as approximately equal to the coefficient of a nor- 
mal wing with corresponding profile. Of these, profiles 
3 to 7, in Figure 2, are very much alike, so that the cor- 
responding normal force coefficients may be taken from 
Figures 3-6. The normal force coefficient for profiles 1 
and 2 was assimilated to the others. 

Figure 8 shows coefficient Zf! x of the calculated 

moments about the longitudinal a-i S plotted against 

vQJ 

with angle of attack as parameter. The corresponding 
3 v • . ■ 

wind-tunnel data are given in Figure 9. They were directly 
measured as moments about the longitudinal axis, thus ob- 
viating extrapolation. The air speed was 30 m/S (98.4 
ft. /sec). Figure 10 depicts the wing mounted on a novel 
moment balance in the Gotti ngen wind tunnel. A comparison 
of the computed with the experimental figures revealed the 
shape of the curves in fairly good agreement, but of less 
satisfactory accord in absolute values. Whereas, theoret- 
ically, only positive moments occur, i.e., moments oppos- 
ing a positive rotation, debarring entry of autorotation, 
experimentally, negative moments are always present which 
accelerate an incipient rotation and facilitate autorota- 
tion. 

figure 11 discloses the coefficients of lift, drag, 
and moment around the leading edge of the wing plotted 
against the angle of attack as obtained at 3.0 m/s air speed. 
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In addition to the wing polar s with progressively 
varying profile over the span, Figure 12 also shows the 
wing polar for the Junkers A 35 type low monoplane wing. 
At the low lift of ordinary flight the drag' of the tested 
wing was considerably greater than that of. the other. Al- 
though the wing drag itself is only a third of that of the 
whole airplane, we shall strive nevertheless to reduce the 
comparatively high drag for low lift, which is due to the 
still unfavorable distribution of lift over the span. (Fig 
13.) Because of this lift distribution there is introduced 
an additional flow in the direction of the lateral axis 
which sets up violent eddies over a large portion of the 
span, such as occur only at the tips of a wing with con- 
stant profile, thus making a high dra-g inevitable. The 
formation of such eddies may be reduced by making provi- 
sions, as shown, that no additional flow in the direction 
of the lateral axis can occur. 

Normal Force of a Wing with Thin, Symmetrical Profile of 
a Flat Plate and of a Lattice 

In addition to the abovo^ment i onod thin, symmetrical 
section, we further examined several others which are par- 
ticularly well suited to render autorotation difficult. 

Figure 14 shows the normal force coefficient for a 
normal- wing with the thin , symme tr.i cal G-ottingen normal pro 
file No, 537 plotted against the angle of attack, and be- 
sides, the c n - curves (reference 14) for flat plates with 
'different- aspect ratio. It is seen that the flat plate 
and the thin profile, as regards their c n curve, can be 
interpreted as approximately equivalent; that ,* moreover , 
the respective c p curve is materially influenced by as- 
pect ratio t:b and shows an almost consistent rise up to 
about a = 90° only when t:b < 1:5. It is far removed 
from the desired uniform rise. 

By dividing a wing with thin symmetrical profile 
through cuts parallel to the leading edge, into an uneven 
number of identical parts and then removing those that 
are even-numbered, we obtain a wing somewhat as seen- in 
Figure 15, which may be called a thin, symme tri cal perfo- 
rated profile. Such a wing is very much like a lattice. 
In Tigure 14 a part of the profile belonging to a rectan- 
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gule.r lattice of about 1 m (3.28 ft.) thickness, and 0.5 m 
(1,54 ft,) width is plotted, along with the normal force 
coefficient against the angle of attack, the total surface 
Doing used as reference surface. (Reference 15.) 

At small a the normal force of the lattice is about 
eqiial to half of that of the corr e sjjonding flat plato of 
the same aspect ratio, "because the supporting surface is 
only about half as large, which, in fact, agrees very, close 
ly with the theory, (Reference 13, b.) The closer the an- 
gle of attack approaches that of 90°, the more the gap? 
appear to he filled in, until at 90° the total surface 
may bo looked upon as supporting surface. 

A similar, though not quite as steadily rising c v 
curve is ostensibly obtained with a. wing of ver.y thin, 
symmetrical profile, whose top surface has "been roughened. 
Experiments are not available as yet respecting this. 

Experiments on, a Handley Page, wing with interceptor 
(slotted airfoil plus interceptor) have shown (reference 
15) that the respective c p curve rises steadily up to 
about cc - 90°, even if not quite as uniformly as that .of 
the lattice. 'The actuation of' the Handley Page device 
postpones, as we all know, the separation, of the flow for 
higher angles of attack, and in that manner assures a pow- 
erful action of the ailerons even at largo a. For this 
reason the Handley Page device is frequently mounted at 
the wing tips. The corresponding c n curve at first 
rises to a high maximum lift, and then drops suddenly and, 
of necessity, considerably. As a result, it therefore 
differs very materially from the desired shape of continu- 
ous rise stipulated to reduce aut orotation. As soon as 
the angle of attack exceeds the value for maximum lift of 
the wing tips, the wing must accordingly autorotate vio- 
lently. To oppose this is the purpose of the intercep- 
tors. 3y its actuation the flow on the upper side of the 
wing is made to separate even at small a, hence the ef- 
fect' of the Handley Page device is made retrogressive. In 
that way the c n curve of the wing tips assumes the de- 
sired steady rise, i.e # , the wing tips oppose aut orota- 
tion. It is readily agreed that such a mechanism is ex- 
tremely complicated. Another point to be borne in mind 
is that through the actuation of the interceptor the pow- 
erful effect of the ailerons at large angles of attack 
is, of course, lost. (See Appondi X • ) 
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. # .. : • Test Ting Ho.. 2 

The -wing is shown in .figure 15. It consists of a 
center portion with thick, well cambered profile, equipped 
with the Handloy Page device for raising the ;-,mximu!T: lift 
without affecting the aut orotat i on very materially, HoXt 
to the central part is another with thin, symmetrical pro- 
file. The extreme wing portions .have a thin, symmetrical 
.perforated profile to prevent ant o rotation • as much as pos- 
sible. Ail parts with different profile aire separated 
from one another by plates to ensure lower drag at low 
lift. . • • 

. The wing was tested 30 m/s wind'- speed in the Grot tin*- 
gen tunnel . 

As- long as the slot was closed and the flap not set, 
the polar of this wing, at low lift, coincided with that 
of- a low wing of the Junkqrs A 35 type, as expected, and 
as seen in Figure 17. Consequently, the wing can be used 
for ordinary flight. Operating the Handle y Page device, 
i.e., changing the slot setting and turning the flap dovm- 
ward raises, according to Figure 18, the maximum lift to 
higher angles a. s 

The lift co.off i ci ent . i s estimated as: 

T F ff 

c P - -± c a + ~ c a + .5* c a (3) 

where' F, F, , P 2 and P 3 denote the area of the whole wing 

that is, of the' central part, the two adjacent pieces and 
the two pieces at the tips, and c a , c a _ , c a ^ , and c a _ 

the. respective lift coefficients. The drag coefficient of 
the whole wing can be defined in the same manner. 

t Por the case of closed slot and flaps,, the coeffi- 
cients c 0 and c w for the middle v or t ions can be tak- 
a i w i 

en from Pigure 4. The c a and Ofy \ as well as c a 
and c w coefficients are approximately like those in 
Figures 5, and 19, respectively. According to Pigure 18, 
the c a and c w coefficients for the wnolc wing deduced 

from equation (2), are* in very close accord with ttioSQ 
obtained by cxrjor imoiit . 
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The moment about thej leading edge of the wing present 
no unusual feature. The md&e&t : :&t>5ut the longitudinal ai- 
ls was calculated' according to equation (l) ,. and specifi- 
cally, with' slot open and flap turned down t .-We determined 
the unknown normal force coefficient for the middle por- : 
tion with adjustable Eandley "Page mechanism, using the 
corresponding values in Figures 6 and 19, according to 
equation (3). Figure 20 shows the ZQ X coefficient, de- 
fined according to (l), of the moment a"bout the longitu- 
dinal axis -oroduced "by a rotation fi x about the path axis 

bQ x ■ - : •• ■ • • • • v, • 

plotted against with, a as parameter. Granted even 

that these strong positive moments, according to calcula- 
tion, should in reality, "be a little less strongly positive 
one cafi' nevertheless presume that they always remain pos- 
itive. v j so that no autorotation can occur. As a mat tor of 
fact, experiments in the C-ottingon wind tunnel have shown 
that the wing with adjusted Handley Page moc'^nisr: docs 
not autorotate even at such large angles as a * 40°, and 
beyond this no autorotation is to bo expected. The auto- 
rot;;:,tion set-up of this second wing is shown in Figure 21. 

Test 77ing ITo . 3 

Tho drag for low lift can fc also oo reduced by placing 
the zero lift axes of all profiles into one piano.. Of 
course, this is merely a neasure to infl\ience the polar s 
of the wing. Its autorotation characteristic s are little 
affected by it, since they are already primarily decided 
by the shape of the wing tips. t . • 

figure 33 presents this third wing with symmetrical 
perforated profile at the tip s , gradually developing into 
a thick, heavily camocred section in the center, whorehy 
the zero lift linos of all modified Joukowski profiles 
lie in one plane. For structural reasons tho wing tips 
wore kept comparatively thick, in order to be able to turn 
them as a whole, if necessary, like ailerons around an 
axis transverse to the flight direction. .To insure, in 
addition, a minimum influence, particularly "by aileron dis- 
placement, through the adjacent part, they wore separated 
by plates. 

V r e tested this wing at 30 m/s in the Gottingen wind 
tunnel . 
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The drag of the middle portion with plates for low 
lift is, according to Figure 23, about . equivalent to that 
of a' Junkers A . 35 monoplane v/ing ' and "become s , when adding 
the thick ailerons of Figure 22, materially greater. The 
lift curve in "both cases .has, according to- Figure 24, a 
maximum which, as shown later, is high enough for steep 
landing. Contrary to expectation, the wing did autorotate 
even if only very little. 

Roughening the top side of the wing between the third 
and fourth ribs by a coating of fine sand, the wing auto- 
rotates more feebly. This apparently confirms our con*.! 
jecture voiced in a previous paragraph according to whiJsh 
the ' respective c n curve of a wing with very thin, pysa&dt 
rical profile and roughened top side rises similarly even 
if not so consistently uniform a,s that of the lattice. 
3ut even with this it was impossible to make the wing al- 
together iion-aut or o t ative . 

After searching investigations it was concluded that 
the cause of this unexpected slight aut orot ati on lies in 
the wing tips with comparatively thick profile. Subse- 
quent tests made after substituting the tips sketched in 
Figure 25, revealed that- the' wing cannot be made to auto- 
rotate on any condition. Every rotation, no matter how 
strong, is immediately and vigorously damped out and the 
wing comes quickly to rest. Figure 25 shows the complete- 
ly non-&.ut or otating wing mounted in the C-bttingen wind 'tun 
nol • 

Thus it is soon that it is possible to design an ab- 
solutely non-aut orot ating monoplane wing merely by a cor- 
rect selection of profiles without other additional aids. 

The drag of the monoplane wing, according to Figuro 
25, is most probably lower than that of the wing with 
thin tips in Figuro 22, the polars of which are given in 
Figure 23. The respective maximum lift can, rather, bo 
assumed greater than indicated in Figure- 24. 

Asido from the material' improvement in the wing polars 
of the non-autoro*tat ing monoplane wing by an ingeniously 
contrived choice of profile's, it is also possible to _ial:e 
such a wing satisfy fully all the conditions which may be 
laid down for its molars. The constructional aspects of 
the. wing tips will be fully discussed in a subsequent chap 
t er . 
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Control of the ITon-aut ©rotating Airplane 



In order that a non-autor otating airplane may be 
flown at high angles of attach and, as we will show, bo 
capable of steop landing, it must, first of all, have 
horizontal tail surfaces which ensure a balance of the mo- 
ments around the lateral axis even at angles of attack 
beyond those for lift maximum. 

Figure 27 shows the coefficients U, bL,, and yu of 

the airplane wing and horizontal tail surface moments, 
respectively, around the lateral axis for a low-wing mon- 
oplane of the Junkers A 35 type. Sizice the horizontal 
tail surface moment varies compar at ivoly little, as a rule 
even With oxt?^cmo ©levator di splac omont , a balance of the 
moments about tho lateral axis in the orthodox airplanes 
of to-day is possible only up to an cvnglo of attack which 
is in the neighborhood of that for maximum lift. 

Moving the whole horizontal tail group through angle 
Sg around an axis parallel to the lateral axis, changes 
the angle of attach of the horizontal tail -;roup by a like 
amount , the curve of its gfc moment in Figure 27 is moved 
by this amount Sg parallel to the ordinate. In this man 
ner a balance of the moments around the lateral axis is 
.ensured even at arbitrarily large angles of attack. 

In order to retain the effectiveness of a rudder dis- 
placement even at large a, it is recommended to delist 
from covering the elevator clear up to the fuselage. (Ref 
erence 3 •) 

An aileron di splacem-ent generally results in asymme- 
try at both wing tips, thereby changing the autorotation 
characteristics. It sets up, aside from the desired mo- 
ment about the longitudinal axis, an undesirable moment 
a/bout the nerval axis, which nullifies in part the effect 
intended, par t i c"xl ar ly at large angles of attack* 

Such ailerond, that is, the conventional typo of to- 
day, including the Hundley Pago aileron flap a, are dis- 
missed from further consideration and we confine oiu'goIygs 
to an ideal aileron, the displacement of which does not 
alter the autorotation characteristics of tho wing and 
sets up a vigorous moment about the longitudinal axis with 
out an unwelcome moment about the normal axis. 
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To ensure the same ant or o t at i ve properties of the 
wing with aileron displacement, the profile of the wing 
tips must "be retained even when the aileron is displaced, 
i.e., the wing tips must be rotatable as one unit around 
an axis transverse to the direction of flight, similar to 
the ailerons illustrated in Figures 16, 22, and 23. 

With Pq = aileron displacement, F ~ == area of ail- 
eron, \q = distance of tiie -C&. of the applied air load 
from the axis of the fusela.ge f and c n (a + Pq) and 
c n (a - Pq) 'as ..the corresponding coefficient of the nor- 
mal force; the coefficient of the ai 1 er on . moment about the 
longitudinal axis is: 

■ % - z -¥^ ^ ( ° + w - ^ (a - (5) 

3y fixed -% this factor is constant for the an- 
gles of attack undeV consideration here, if 

c n q CO + Pq) - c nQ (a - pq) 
is constant for this. 

Such a stipulation can he complied with, for example, 
by using floating ailerons with suitable symmetrical pro- 
file to ensure a symmetrical c n curve with respect to 
zero position. For symmetrical 'reasons no undesirable mo- 
ment about the normal- axis can occur. 

The same result can also be achieved by using ailer- 
ons which do not need to orientate themselves into the 
particular direction of the air stream, thus being more 
simple from the point of view of construction. To keep 
the moment about the longitudinal axis as constant as pos- 
sible within the angles of attack in question, and to ren- 
der the moment about the normal axis cvanoscontly small, 
the difference of the normal forces c nn (a + (&q)- c n 
(a - pq) must, according to equation (3) be as constant 
as possible, or in other words, the c n curve of the win 
tips within this range must rise consistently and uniform 
ly. In addition, the corresponding difference of the tan 
gential forces c tQ (a + PqV ~ cf (a - pq) must disa;- 
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pear as nearly as possible, i.e., the tangential force of 
the wing tips in this range must be . as constant as possi- 
ble. Figure 19 shows that the lattice fulfills these con- 
ditions very satisfactorily. Consequently, it can be pre- 
sumed that the. ailerons of the third investigated, com- 
pletely ' non-aut or otating monoplane wiiig, in Figure 35, 
satisfy the above stipulations: 

Aileron displacement scarcely changes the autorotat- 
ing properties. Aileron displacement supplies, even at 
large angles of attack, a strong moment about the longitu- 
dinal but without an undesirable moment about the normal 
axi s i 

The outer form of the ailerons has practically no ef- 
fect on it. Thus, to simplify construction, it is better 
to use an aileron 'of smaller width but greater chord. The 
design of the floating ailerons on the Curtiss Tanager 
(reforence 8) demonstrated that the construct i onal diffi- 
culties are not insuperable. 

Steep Landing of the Non-aut or otating Airplane 

Whereas the engine power may under certain circum- 
stances affect the power flight, that is, render a compar- 
atively steep start possible by sufficiently high engine 
power, in glide flight the engine is stopped, the propel- 
ler thrust is practically zero, so that, for example, the 
glide angle cp and the rate of glide v of an airplane 
descending in steady, level flight is dependent only on 
the angle of attack a. Figure 28 shows the peculiar 
course of v and cp plotted against a for the present- 
day types of airplanes. According to it a large glide an- 
gle is obtainable in two ways: one, by small a and large 
v, that is, in a dive; the other, at angles a beyond 
those for maximum lift and small v. If the horizontal 
tail group in the conventional practice of to-day is de- 
signed to ensure a balance of the moments about the later- 
al axis, at the highest, at an angle a near to that foi- 
st all ing, the pilot is unable to force a * steady glide at 
greater angles of attack, i.e., force a steep glide by low 
rate of glide, even though the airplane were equipped with 
slotted wings. But, since the steep glide at low v for 
large angles of attack is preeminently suited, as we will 
show, for steep landing, and, thais, shorter taxying run, it 
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should be attempted to make Accessible for steep landing 
the range of large angles of attack, hither to • dreaded be- 
i5.au 00 of the danger of nosing over. 

This is accomplished by the above design of the com- 
pletely non-autorot ating monoplane wing. 



c ai 



by 

be 



u s i n { 
f lown 



An airplane, equipped, with such a wing 
the above-described longitudinal tail surfaces, *j,v»«« 
at. very high angles of attack and be put into a very steep 
glide, wi thout going into a sideslip and into a spin as 
heretofore. 

In the absence of a specially designed landing gear 
a stoop landing is possible only when the pilot is able 
to reduce the inclination of the fuselage to the path, i.e 
angle a, and at the same time change the stoop path of 
the C.C- r of the .airplane into 
ground, so that the fuselage, 
sumcs the slope for the usual 
touching tho ground. That is 



one almost parallel to the 
even in stoop landing, as- 
landing directly before 
to bo decided by integration 



of the basic equations for lov.el 
whore we introduce a temporarily 
surface displacement. The equations road: 



glido without side wind, 
variable horizontal tail 



* = - g sin cp - |~| v 2 c w 



(4) 



cp = 



g 



v 2 G 



a 



(5) 



wiroro 



^z 



HI V2 g 

2e J z 



a 



+ 



(6) 
(7) 



They can lie simplified considerably by reason of the 
following assumptions: 

1. tfigpre 29 shows that as in all such experiments, so 
here also, the air speed .v. .is constant during the time 
in 'question, thus eliminating equation (4) v 

2. The slightly changing value cos cp within the range 
considered is substituted by cos cp 0 constant. . 
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3. Lift coefficient c a is dependent only on a. ffhe 

c a = f (a) curve is assimilated to a straight line for the 

pertinent angles a conformably to Figure 30, so that: 



4. The 

r e sul t 



OA J 
of 



Lnge in 
only a 



axi 



l s : 



'a 



x a + % . 



Otjj for the horizontal tail group t as a 



slight rotation 



about the lateral 



5. As? long as there is 
the coefficient of the 
depends only on the ang 
curve is assimilated to 
lows: 



no rotation about the lateral axis 
horizontal tail surface moment h~ 
\e of. attack a. The U s = f (a) 
* straight line (fig. 27) as fol- 



— H 



m a a 



A displacement of the horizontal tail group shifts 
this straight line parallel to itself, -thus changing n 2 
only. This displacement is not accompli shed ^suddenly, but 
for reasons (which will "be analyzed in a subsequent sec- 
tion) and in support of facts, according to the following 
1 aw : 



U + Vo 



-kt 



that is, the pilot displaces the horizontal tail surfaces 
first quickly, then more slowly. A rotation Q z about 
the lateral axis introduced by this displacement changes 
o nly t h e an gle of at t a ck a<g an d t hr ough it the coe f f i- 
cient of horizontal tail surface moment £gg by the amount 



The curve of the coefficient of the wing moment 
about the lateral axis with respect to a is conform- 
ably to Figure 27 assimilated to a straight line for the 
pertinent range of angles a as follows: 

IL^ = m 3 a + n 3 . 

How the moment coefficient h about the lateral axis 

is: 
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. ,M = (m 3 + m 3 ) a + n 3 + U + Ye~ kt + m 2 If (8) 

: - We disregard the tern m 2 ~ Q z , which is snail as 

compared to the others and define U and V from equation 
(8) as follows: At tine-' internal t = 0 the initial equi- 
litrium position oc 0 reveals: 

M - 0 = (m 3 + n 3 ) a 0 + n 3 + U + V 

?or cc 0 1 , we find: 

M = 0 = (% + m 3 ) a 0 » + n 3 + U. 

Consequently, 

.• V (m 2 + n 3 ) a 0 < - n 3 

V = (n 2 + m 3 ) (a 0 ' - a 0 ) . 

Now the modified equations (4 to 7) read as: 

■ ' $ = a x . cc + Dj. . C?) 
• — kt 

Qz = a 2 a f H + c 2 e + d 2 Q z (10) 

fiz = a + 9 (11) 

„ 7 v | 

Herein, a x = -—— jr*- m x 

b x « n x - - COS <?o 

7 v 2 f t. 

•7 v l| ? t x 
d 2 - - g J j_ + ' ° 2 • 
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By inserting the nonhonogeneous diffe pential equa- 
tion of the second order, 

a + (a 1 - d 3 ) & - (a x d 2 + a 2 ) a = c 2 e~ kt + b x & a + b, 
we obtain from equations (9) to (ll): 

a a A x e 6t sin (& + e t) + Bj e" kt "I" C ; (12) 

Herein . 

6 = - % T Ai. 



b, d_ + b. 



c x - - — •••• - - 



1 1 ^2 
„ C 3_ 

> 2 - (& x - d 2 ) k - a x & 2 - a 2 



„ « Cap - 8, - OP 

£ = arc tan r — " • ~ 

1 • ct 0 ~ S (a 0 - Bj - 0 1 ) I lc 3 X 

1 sin ^ 

Equations (S) and (11) further yield: 

<j> = A 2 e St sin (£ a + I t) + 3b e"^ + C 3 * D 3 t (13) 

Q £ * A 2 e 5t sin (£ 3 + £t) + 3 3 e~ kt + C 3 (14) 

a JL 

Herein, A = — ■ — 

p « f - arc tan 

a. B. 
3 s= m ... A. 
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c s = 




=2 




2 






+ 6)* 


+ 


"7s 




+ ar c 


tan r 


+ 


a i 


B 3 = 










c 3 " 











Using the final figures for a monoplane of the Junkers 
A 35 type as oasis, we calculated the course of a, cp and 
Q z according to eqiiations (12) to (14) as it occurs as a 
re"sult of a disturbance of the initial position for stoop 
glide introduced "by progressive elevator displacement (for- 
ward up to stalling). "he figures for the initial attitude 
ar e : 

7 =1.20 kg/m3 
a 0 = 28° 

c &Q = 0.99 ffi^ = - 2.12 n x = 2.03 
=0.53 

o 

% ■ - 28.2° • ■ \ .■ . ... 

$o = 0 

v =28.0 n/s 
m 2 = 0.870 
U = - 0.241 
V = - 0.211 
k = - 1 
m 3 = 0.230 

n 3 = -0.035 : ; ■■ 
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• In Figure 31 the atfgle of attack and of glide ,. in ad- 
dition to the rate of rotation about the lateral axis are 
shown plotted against the time a 

The angle of attack essentially, changes according to 
the sane exponential function e"'^, conformably to which 
the displacement occurs. This exponential function is 
superposed .bv an evanescent vibration whose amplitude A 
IS governed by the violence of the forward displacement. 
If very abrupt, it introduces a violent vibration around 
the originally fairly constant equilibrium position. On 
the other hand, a very gradual forward displacement forces 
the angle of attack very slowly into the new equilibrium 
position with practically no perceptible vibrations. The 
angle of attack scarcely assumes a value lower than that 
for maximum lift r so that as si mi 1 at i on of the lift curve 
to a straight line (i.e., the previous solution of * the 
basic equation) is possible, according to figure 30, with- 
in the stipulated range of a. 

Resorting to a likewise gradual elevator displace- 
ment, we disturbed the same initial position of equilib- 
rium eis above, and then calculated the time rate of change 
of the variables by numerically integrating equations (4) 
to (?) • According to figure 29, the introduced vibration 
is so violent that the maximum lift is exceeded and the 
previously applied assimilated straight of the lift curve 
is relinquished. For this reason the vibrations are more 
slowly damped out than in the other example. But even so 
the principle is maintained: the angle 1 of- attack gradual- 
ly changes over into the new equilibrium position in cor- 
respondence' with the gradual elevator displacement. After 
a short time even the change of the glide angle assumes an 
approximately constant value which, according to- equation 
(13) is .essentially equal to D . 

This D s is of great significance for the landing: 
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% in m i • - 

As a rule, ■ «4 — may be disregarded with re- 
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spect to so that, 

2 2 S a o d o 

or, in other words, fchu direction of the path of the C.C-. 
of the airplane can be changed that much quicker: 

1. The greater the air speed v of the C.G-. of the 

airplane ; 

c 

2. The smaller the wing loading ~ ; 

- F 

3 . The greater the difference c * - c n 'between 

°'0 d '0 

lift coefficient C a 1 for the new equilib- 
rium position cc 0 1 and the coefficient c a 
for the initial equilibrium position oc 0 . ° 

Therefore, the prospect of steep landing is confined 
to airplanes 'Those lift curve has a high enough maximum 
and after that drops steeply enough and within a suffi- 
ciently . large range of angles of attack. For such the 
direction of the path can be changed just as quickly into 
a steep glide as into the hitherto usual flat glide. As 
concerns. the reversal of "the path when landing, it is ut- 
terly immat erial whether the pilot pulls the controls at 
small angles of attack or whether he pushes them at large 
angles a. The unusual feature is that in a steep glide 
he must displace the controls forward if he wants to raise 
the path. 

After some time the glide angle becomes positive, 
according to Figure 31; that is, the airplane climbs, 
which was not at all contemplated. This climb can be 
counteracted by continuing the forward displacement, so 
that the airplane assumes an angle of attack below that 
for maximum lift, after which the lift and the path drops. 
In this manner a reversal of the path into one parallel 
to the ground can be obtained. The time rate of change 
in a,ngle of attack and of glide during such a landing ma- 
neuver is shown in Figure 31. The i^i + ial equilibrium 
position is characterized by a large ar\gJ,*i of attack and^ 
of glide. At first the airplane is gradually pushed until 
it _:as nearly reached the angle for maximum lift. Because 
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•of the' transition to smaller angles a . and consequently- 
greater, lift, the path rises very- quickly. After awhile 
the airplane is pushed still further, the angle of attach 
"becomes still smaller, whence the lift drops as soon as 
the value for maximum lift has beerx. expeeded. The flight 
path would drop also "but for the tendency of the airplane 
to climb. The reversal of the path' in consequence is only 
reduced at first until it finally ceases altogether. In 
the present case this takes from about 5 to 6 seconds, ac- 
cording to Figure 31, . : i , . 

Referring to Figure 32, we find the height of landing, 
plotted against, the landing distance ,s f.Qr a normal as 
well as for a steep landing of a monoplane of the Junkers 
A 35 'type. In a normal landing the glide angle is about 
5° to 7°. It requires about 300 m (985 ft.) to land from 
a height of around 40 m (130 ft.). In the steep landing 
the airplane can be set down much sooner. Since the cor- 
responding landing speed as well as the glide angle and 
thereby the landing distance are virtually the same in 
both cases, the steep landing presents a saving of about 
200 m (556 ft.) in taxying run, when the. airplane must 
land over a 40 m (131 ft.) high obstacle. 



Appendix 

The consideration regarding the effect of the Handley 
Page device is based upon the assumption that both inter- 
ceptors can be operated independently from the actuation 
oi the ailerons, as soon as the airplane approaches the 
stalling angle. This also explains the conclusion that 
any aileron deflection must be ineffective at large angles 
of attach. 

According to the information given me by Dr. Lachmann, 
the interceptors are coupled to the ailerons in such a way 
that aileron displacement is simultaneously followed by a 
different setting of one of the interceptors. The inter- 
ceptors are not, a.s I assumed, a stabilizing, but rather 
a control mechanism. By actuating the ailerons and there- 
by one of the interceptors, an adequately strong aileron 
moment is obtained even at large angles of attack, by 
which any existing autorotation even if violent, can be 
made to cease. 
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• : * : ' J Tile" relatively stt dii^'-ailer on '•raonient is caused sole- 
ly "by the actuation of one 'of • the interceptors. Thus, the 
same effect might be ' obtained if the Actuation of ' the ail- 
eron were separate from that of the interceptor, as I as- 
sumed in my -report # Even then tiie interceptor would re- 
main like the aileron,' a'control mechanism. Besides, it 
could act as stabilizing device, either automatic or con- 
trollable by the pilot, for the purpose of steep landing, 
as -soon as the airplane approaches the dangerous large 
angle of attack. Thus the interceptor could serve a two- 
fold purpose - control and stabilization. 

• The fundamental difference between wing tips equipped 
with interceptors and my proposed design of wing tips with 
perforated profile formed as ailerons, is that- it prevents 
the format ive - stage of aut orotat ion , i . e . , sideslipping, 
even at the very high angles of attack necessary for steep 
landing, wi thqufc "requiring any supplementary device, auto- 
matic or manipulated by the pilot. 

Translation by J. Vanier, • • ; . • ••' 

!T3.tional Advisory Committee 
for Aeronautics. 
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Figs. 3, 4 
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Fig, 4 Grb'ttingen 580 

Lift coefficient, drag coefficient and moment about leading edge, 
also of normal force plotted against a for a conventional wing 
having a profile conformably to Fig. 2 
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Fig.S Gottingen 557 

Lift coefficient , drag coefficient and moment about leading edge, 
also of normal force plotted against oo for a conventional v/ing 
having a profile conformably to Fig. 2. 
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Fig. 7 
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Fig. 7 Three-view drawing of ITo.l monoplane wing. 
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Figs. 8, 9,11 
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Fig. 8 Results of calculation. 




Fig. 9 Test data. 
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Fig. 11 Coefficient of lift, drag and moment about leading edge 
for wing of Fig.? 
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Pigs. 10,21,26 




Fig. 21 Wing No. 2 mounted for autorotation test. 
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Figs. 12,13 



a, Monoplane wing of Fig. 7 

d.Low wing type monoplane, Junkers A35 
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Fig. 12 Lift coefficient plotted against drag coefficient. 
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Pig. 13 Lift distribution over span of monoplane wi&g of Pig. 7 
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Figs. 14,15 
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Fig* 14 Nomal force coefficient plotted against a. 



Jig.lt> Thin symmetrical interrupted profile. 
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Fig. 16 
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Fig. 16 Three-view drawing of monoplane wing Ho. 3 
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Figs. 17, 18 
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a, Monoplane wing of 
fig, 16 

"b, Monoplane wing of 
type Junkers AS 5. 
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Fig. 17 Lift coefficient plotted against drag coefficient. 
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Slot closed, 
flap neutral. 



Slot open, flap 
turned down 20°. 

Calculated 
according to 
equation (2) . 
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Fig. 18 Coefficient of lift, drag and moment aoout leading 
edge for monoplane wing of Fig. 16. 
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Figs. 19, 20 
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Fig. 19 Coefficients of lift, drag, normal and tangential 

force of a lattice 1 m thick and 0.5 m wide with 
profile partially shown in Fig. 14. 
( 1 meter = 3.28 ft.) 
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Fig. 20 Coefficient of moment about longitudinal axis 
plotted against ^h: , angle a as parameter for 
monoplane y/ing of Fig,16.2v 
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Fig. 22 
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Figs. 23, 24 
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a, Monoplane wing 1.0 
of Fig. 22 



b, Monoplane wing 
type Junkers A35. 



c, Without inter- 
rupted wing tips. 
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Fig. 23 Lift coefficient plotted against drag coefficient. 



a, Without under- 
"brolcen wing 
tips. 
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Pig. 24 Coefficients of lift, drag and moment about leading edge 
plotted against a for wing of Pig. 22. 
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Figs. 25, 27,28 
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Fig. 25 Monoplane wing of Fig. 22 with modified tips. 
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Fig. 27 Coefficients of airplane moment , wing moment and elevator 

moment a"bout lateral axis plotted against a for monoplane, 
type Junkers A35. 
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Fig. 28 Glide angle and rate of glide plotted against a. 
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Figs. 29, 30, 31, 32 
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^ig.29 Change 

in angles 
'\ /of attack and of 
( yglide as well as in 

rate cf rotation 
iround the lateral axis 
'due to a gradual forward 
""displacement of the controls. 
Numerical integration. 
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Fig. 30 Coefficients of lift 

and drag plotted 
against a for a low Wing 
monoplane of type Junkers A 35, 
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Fig. 31 Change in angles of attack 

of glide and in rate of 
rotation about the lateral axis due 
to gradual forward displacement of 
controls. 
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a, With non*-amt oro tating wing and horizontal 
tail surfaces rotatable as one -unit. 

b, With Drdinary wing and ordinary horizontal 
tail surfaces. 

Fig. 32 Landing of a low wing monoplane of 

type Junkers A 35. Height of landing 
plotted against taxing run. 



